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ABSTRACT 
 
The thesis presents a Sierpinski Carpet fractal antenna array designed at 24 GHz for 
automotive radar applications. Miniaturized, high performance and low cost antennas are 
required for this application. To meet these specifications a fractal array has been 
designed for the first time on Low Temperature Co-fired Ceramic (LTCC) based 
substrate. LTCC provides a suitable platform for the development of these antennas due 
to its properties of vertical stack up and embedded passives. The complete antenna 
concept involves integration of this fractal antenna array with a Fresnel lens antenna 
providing a total gain of 15dB which is appropriate for medium range radar applications. 
    
The thesis also presents a comparison between the designed fractal antenna and a 
conventional patch antenna outlining the advantages of fractal antenna over the later one. 
The fractal antenna has a bandwidth of 1.8 GHz which is 7.5% of the centre frequency 
(24GHz) as compared to 1.9% of the conventional patch antenna. Furthermore the fractal 
design exhibits a size reduction of 53% as compared to the patch antenna.  In the end a 
sensitivity analysis is carried out for the fractal antenna design depicting the robustness of 
the proposed design against the typical LTCC fabrication tolerances.      
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CHAPTER 1 - INTRODUCTION 
 
 
In the past few years interest in automotive radars has increased considerably. The 
utilization of these radars is growing rapidly as they provide healthy assistance to driver 
on the road.  The radars provide a unique solution of maintaining a constant distance 
between two vehicles on a highway, notifying the driver of any vehicles approaching 
from the side and are very helpful while parking the car. Two frequency bands are 
currently in use for these automotive radars, the 24 GHz frequency band which is used 
for short range radars while the other one is 77 GHz for long range radar applications. 
Some of the applications of these automotive radars are shown in figure 1.1 [1]: 
 
Figure 2.1: Applications of Automotive Radar [1] 
 
These automotive radars are extremely helpful to the drivers but there are some key 
challenges involved in their designing such as cost effectiveness, power consumption and 
miniaturization of size. Cost effectiveness will make them affordable for the high volume 
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low cost car market. The power consumed by any electronic system is one of the key 
performance parameters which indicate its effectiveness.  Besides cost effectiveness and 
power consumption other significant issues are system miniaturization, excellent 
performance and high level integration. In order to meet all these requirements a suitable 
medium for implementation of electronic systems is required. The multilayer Low 
Temperature Co-fired Ceramic (LTCC) System on Package (SoP) provides an effective 
platform for the development of these radar modules. The vertical stack up of LTCC 
allows for a smooth integration among the active and passive circuits and also helps in 
isolating them from each other‟s effect. Furthermore this medium also allows the 
integration of different dielectrics which increases the versatility of the design. Keeping 
in mind these advantages an LTCC based SoP module will prove to be an appropriate 
solution for the designing of these automotive radar modules.  
 
1.1 Motivation 
A high gain and compact antenna SoP module can provide a suitable solution for 
automotive radar applications. The high gain of the antenna will help in managing the 
power budget of the entire transceiver module. In addition to high gain it is also very 
critical that the designed antenna module should be light weight and compact in size so 
that it can be easily mounted on the front of a vehicle. The antenna designs that have been 
proposed for this application are usually bulky and large in size [2] as shown in figure 
1.2. The aim of this work is to provide light weight and compact antenna module so that 
it can be easily mounted on the front or back of the automobiles to provide assistance to 
the driver. Another important challenge of these designs is their cost. The purpose of this 
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work is to propose a solution that can cope up with the challenges of size and weight and 
at the same time should be economical maintaining high performance.        
 
Figure 1.2: Radar Antenna Concept with an Integrated Reflector [2] 
 
   
1.2 Objectives 
A wide range of research has been carried out on the complete automotive radar systems 
such as miniaturization, cost effectiveness and robustness. However the thesis is focused 
on the design of an antenna which provides the required compact size and light weight so 
that it is appropriate for these radar applications. The main objectives of the thesis are 
given below: 
i. To highlight the research that has been carried out on the antenna design for 
automotive radar applications. 
ii. To implement a fractal antenna design in an LTCC medium for the first time 
for automotive radar applications. 
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iii. To highlight the advantages of fractal antenna over a conventional patch 
antenna. 
iv. To design different fractal antennas in LTCC medium and then provide a 
comparison between them.   
v. To integrate this fractal antenna with a Fresnel lens in order to obtain the 
required gain for the automotive radar applications. The Fresnel lens in this 
SoP module has been designed by fellow graduate student, Muhammad 
Umair Khalid. 
 
1.3 Contributions  
The major contribution of the thesis are listed below, 
 Implementation in LTCC Medium: In the thesis Sierpinski Carpet fractal 
antenna is designed in an LTCC based medium for the first time. The LTCC 
medium allows the integration of these antennas with the active circuits to 
implement a complete a SoP module. 
  Advantages of Fractal Antenna over Patch Antenna: A comparison between 
Sierpinski Carpet fractal array and a conventional patch antenna array is presented 
in the thesis explaining the advantages of fractal antenna such as the large 
bandwidth and compact size over conventional patch antenna. 
 Integration of Fractal Array with Fresnel Lens: The designed fractal array is 
integrated with Fresnel lens, designed by fellow graduate student Muhammad 
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Umair Khalid. The complete SoP module has a considerable range of operation 
and is highly suitable for automotive radar applications 
 Comparison between different Fractal Antennas: A comparison between 
Sierpinski Carpet, Sierpinski Gasket and Koch Snowflake fractal antennas has 
been provided in the thesis outlining the advantages of Sierpinski Carpet over the 
other two designs. 
 Publications and Patents: One conference paper [3] has been accepted for 
presentation in IEEE conference ACES‟11 where as one conference paper has 
been published in IEEE MWSCAS‟10 [4]. One journal paper [5] has been 
submitted from this work. A US patent has been filed on the complete SoP 
module. 
  
1.4 Organization of Thesis 
The thesis is composed of five chapters. An outline of each chapter is given below,  
 Chapter 1: provides an introduction to thesis, explains the motivation behind the 
work and outlines the objectives. It also lists the contributions of the complete 
thesis. 
 Chapter 2: illustrates some research that has been carried out on SoP and LTCC.. 
It also provides a brief overview of the fractal antenna designs that have been 
implemented to exploit their advantages such as compact size and multiple 
resonances.   
 Chapter 3: provides the design of a single element and an array of patch antenna 
implemented in LTCC medium.  
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 Chapter 4: outlines some of the basic fractal structures and provides a 
comparison between their performances. It also includes a comparison between 
the conventional patch antenna and Sierpinski Carpet fractal antenna. 
  Chapter 5: discusses the design of a Sierpinski Carpet fractal antenna array. The 
simulated and measured results of the fractal array are compared with the 
conventional patch array to highlight the advantages of fractal array over the later 
one.  
 Chapter 6: concludes the thesis summarizing the results achieved from the 
proposed antenna design and provides recommendations for future work. 
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CHAPTER 2 – LITERATURE REVIEW 
 
 
2.1 System-on-Package (SoP) 
System on package (SoP) concept provides a unique way of integrating the system 
components vertically instead of horizontally. This enables the designers to reduce the 
overall the size of the system immensely. The SoP is a suitable low cost solution for 
automotive radar applications as it can remove the barrier against a speedy introduction 
of such systems into the lower class, high-volume car market. SoP integrates multiple 
functions into a single, compact, low cost and high performance packaged module [5], 
[6]. It reduces the system size and cost considerably by transforming millimeter-scale 
discrete components into micrometer or nanometer-scaled embedded thin-film 
components [7], [8]. The SoP Concept is demonstrated in figure 2.1 [9].  
   
 
Figure 2.1: SoP Concept [9] 
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In addition to the advantages such as miniaturization and low cost SoP also minimizes the 
need of discrete components thereby reducing the assembly time [9]. Furthermore, SoP 
also allows the designing of passives such as high Q inductors and capacitors. These 
lumped components can be used for the implementation of embedded filters [10]. These 
advantages provide SoP with an edge over other available technologies such as system in 
package (SIP) and multichip module technologies (MMT). Another important feature of 
SoP is the fact that it can isolate the active circuits from the passives due to its multilayer 
technology as shown in figure 2.1. This minimizes the electromagnetic interference 
among the circuits [11], [12]. The components of SoP can be realized on the package 
through thin film implementation in mediums such as LTCC or LCP (Liquid Crystal 
Polymer). The antenna design in this work has been implemented in LTCC medium. 
   
2.2 Low Temperature Co-fired Ceramic (LTCC) 
LTCC is an attractive solution for automotive radar applications as it allows for the 
realization of low loss transmission lines, high Q passives and three dimensional stack 
ups [13].  LTCC offers numerous advantages such as an arbitrary number of layers which 
allows embedded passives and the vertical integration of RF modules [14]. Moreover the 
low loss nature of LTCC at microwave and millimeter-wave frequencies makes it 
extremely suitable for efficient antenna design. This low loss nature of LTCC provides it 
as edge over the lossy on chip technology.  In addition to this vertical stack up and 
embedded passive design LTCC SoP provides a low cost solution for system integration 
[15]. Several antenna designs have been demonstrated on LTCC based medium with 
excellent performance in terms of gain and bandwidth [15], [16], [17]. Despite all these 
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advantages LTCC SoP has not been exploited much for the automotive radar 
applications. A patch array has been demonstrated for automotive radar applications [18] 
but the design has its drawbacks of complex feed network and inefficiency. One more 
advantage that can be exploited by using LTCC medium is combination of two different 
dielectric substrates. In [4] a combination of low and high dielectric LTCC substrate has 
been presented to demonstrate the gain resonance effect. This design has added 
advantages of compactness and robustness over the proposed patch antenna array design 
[18] and is highly suitable for automotive radar applications. 
 
2.3 Fractal Antenna 
Traditional approaches to the analysis and design of antenna systems have their 
foundation in classical geometry [19]. However recently there has been a considerable 
amount of interest in the possibility of developing new types of antennas that employ 
fractal rather than conventional geometrical concepts in their design. The work 
corresponds to this new and rapidly growing field of research known as fractal antenna 
engineering. As fractal geometry is an extension of classical geometry, its recent 
introduction provides engineers with the unprecedented opportunity to explore a virtually 
limitless number of previously unavailable configurations for possible use in the 
development of new and innovative antenna designs [19], [20].  
 
2.3.1 GPS Fractal Antenna 
A novel GPS fractal antenna [20] is designed and presented which starts its iterations 
from a conventional patch antenna. The design is fabricated on a Printed Circuit Board 
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(PCB) based substrate Rogers TMM10. The main purpose of the design is to achieve a 
compact antenna design as compared to a conventional patch. The antenna is 31.8% 
smaller in size as compared to the conventional patch antenna. It exhibits a bandwidth 
which is 1.6 times greater than that of a patch antenna.  The bandwidth of the designed 
antenna is not as much as desired but the goal of the design is miniaturization which is 
quite significant in this case. In addition to this the gain is 1.5 dB greater than that of the 
conventional antenna. 
 
2.3.2 Star Shaped Fractal Antenna   
A star shaped fractal antenna design has been implemented on FR4 substrate to compare 
its performance with a conventional patch antenna [21]. The simulated and the measured 
results of the designed antenna show that the antenna is 44.7% smaller in size as 
compared to a conventional patch antenna. The bandwidth of the fractal antenna is 3% of 
the centre frequency. The main goal of the design is to achieve a better miniaturization 
without concentrating much on the bandwidth of the antenna. The designed antenna also 
demonstrates the inherent multiple resonant properties of fractal antenna. 
 
2.3.3 Koch Island Fractal Antenna 
A CPW fed Koch Island fractal antenna has been demonstrated on GML 1000 laminate 
[22] to exploit its compact size. This design is implemented by carrying out three 
iterations on fractal geometry. The bandwidth achieved in this design is 7.1% which is 
much better than usual bandwidth (1 to 2%) of conventional patch antenna. It exhibits 
25% reduction in size as compared to the conventional design. The radiation pattern of 
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the antenna depicts omni-directional characteristics which decreases the gain of the 
antenna as compared to a directional patch antenna design. This omni directional 
characteristic of the design can be avoided by use of a ground plane at the bottom. 
 
2.3.4 Fractal Patch Antenna 
An innovative design for fractal antenna is proposed for size and radar cross section 
reduction [23]. The design has been implemented on a PCB based substrate with a 
dielectric constant of 3.3 and thickness of 1.53 mm.  A 50% reduction in overall size of 
the antennas has been demonstrated which is better than most of the fractal antennas 
designed on PCB based substrate. This fractal design is highly suitable for multi-band 
operations although doesn‟t show very good bandwidth. The structure of this antenna 
design is shown in figure 2.2 [23]. 
 
 
Figure 2.2: Fractal Patch Antenna Design [23] 
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Another design has been implemented to demonstrate the compact size of the fractal 
antenna [24]. This design is simulated and fabricated on FR-4 laminate and exhibits an 
overall size reduction of 41% as compared to the conventional patch antenna. The design 
is achieved by carrying out three successive iterations on a rectangular patch. The second 
order iteration demonstrated a size reduction of 25% which was further increased to 41% 
by carrying out the third iteration. It demonstrates a bandwidth which is very much 
comparable to conventional patch antenna (2%). The proposed design of fractal patch 
antenna is shown in figure 2.3 [24]. 
 
Figure 3.3: Fractal Patch Antenna Design [24] 
 
2.4 Summary 
Table 2-1 summarizes the different designs of fractal antennas that have been 
implemented to study their characteristics and compares them with this work, 
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Table 2-1: Literature Review of the Fractal Antennas 
Ref.# Freq.(GHz) Fractal Design Miniaturization Bandwidth r 
[20] 1.57 
GPS Fractal 
Antenna 
31.8% 1.5% 10.2 
[21] 0.81 
Star Shaped 
Circular  
*42.5% 
Not 
specified 
4.3 
[22] 1.52 Koch Island  *12% 7.1% 3.05 
[23] 0.85 Fractal Patch 50% Few kHz 4.3 
[24] 1.575 Fractal Patch *41.3% 
Not 
Specified 
4.3 
This 
Work 
24 
Sierpinski 
Carpet  
53% 7.5% 
6.39 
(LTCC) 
  
* the values are calculated from the data given in the paper. 
 
The fractal antennas designed up till now have been implemented on PCB (Printed 
Circuit Board) substrate [19], [20], [21], [22], [23], [24] and none of the fractal antennas 
have been designed and fabricated on an LTCC (Low Temperature Co-fired Ceramic) 
based substrate. The rationale for the use of LTCC, in this work, is its multilayer 
technology which allows vertical stack up. This vertical stack up helps in isolating the RF 
circuits from the antenna radiations. In addition, it helps in decreasing the horizontal area 
of the system by allowing the components to be integrated vertically. The aim of this 
work is to present different fractal antenna designs on LTCC based medium and to lay 
emphasis on the large bandwidth of fractal antenna. The research carried out on the 
fractal antennas up till now has been more focused on their smaller size and multi 
resonance properties where as the bandwidth of the fractal antennas has not been 
exploited much by the antenna designers. However the thesis provides a deep insight into 
the wide band characteristics of fractal antennas along with their compact sizes.  
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CHAPTER 3 – MICROSTRIP PATCH 
ANTENNA DESIGN 
 
 
Microstrip patch antennas are abundantly used because of their merits such as low cost, 
light weight and low profile. Due to these advantages microstrip antennas are the obvious 
choice for many applications such as Wireless Local Area Network (WLAN) and 
International Mobile Telecommunication-2000 (IMT-2000) [25]. Although microstrip 
patch antennas provide the designers with a number of advantages but they have their 
demerits such as narrow bandwidth, large size and their low efficiencies. Among these 
disadvantages, bandwidth of the antenna is the most important one which restricts the use 
of these antennas only in low data rate applications [26]. With the advancement in 
Satellite and Wireless Communication, use of high data rates is inevitable [27]. There has 
been some work done to improve the bandwidth of patch antennas [27], [28], [29] but the 
techniques suggested usually introduce fabrication complexities.  
In the thesis a conventional patch antenna design is compared with a fractal design 
explaining the advantages of fractal antenna over the conventional design. Among these 
advantages is the large bandwidth of fractal antenna.  For this comparison a conventional 
patch antenna design is implemented in an LTCC medium and then the fractal antenna 
design is implemented on the same substrate to have an easy comparison between the two 
antennas. The final results show that the fractal antenna proves to be a good alternative 
for all these fabrication complexities used to enhance the bandwidth of the patch antenna. 
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3.1 Patch Antenna Design 
There are several ways to feed a patch antenna which include  
i. Microstrip Feed Line 
ii. Coaxial Probe Feed 
ii. Aperture Coupled Feed.  
For this work, aperture coupled technique is employed mainly because the ground plane 
in between the patch antenna array and the MMIC acts as a shield for the circuits. A 
limitation of this technique is that the aperture in the ground plane can radiate 
considerably in the backward direction. However, by choosing the right slot length with 
respect to the patch size can minimize this unwanted radiation.  
 
3.2.1  Aperture Coupled Feed 
In aperture coupled feed two substrates of different or same dielectric are used. On one of 
the substrate microstrip feed line is fabricated at the bottom layer and a slot is created in 
the ground plane which is designed at the top layer. Patch is fabricated on the top of 
second dielectric substrate which is then fused with the first substrate such that ground 
plane is sandwiched between the patch and the feed line. The slot in the ground plane has 
to be placed in such a way that it appears at the center of the patch. The testing of the 
antenna with this type of feed is a bit complicated since the ground plane is sandwiched 
between the patch and the feed line so it is not visible. In order to overcome this problem 
multiple vias from the ground plane can be brought on the lower layer with the feed in 
order to provide for the reference plane while testing. The matching in this type of feed 
also depends on the slot along with the feed line. The length of the slot is an important 
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parameter which affects the impedance of the antenna and hence can be used to optimize 
the input impedance of the antenna.  
In this work all the antennas are designed in an LTCC medium and therefore aperture 
coupled technique has been employed to demonstrate the SoP concept.   
 
3.2.2  Single Element Design 
At first a single patch antenna element is designed for the required center frequency of 24 
GHz on an LTCC substrate CT707 as shown in figure 3.1. The dielectric constant of 
CT707 is 6.39 and it exhibits a loss tangent of 0.001. Each layer of CT707 substrate has 
thickness of 100 um and therefore the substrate thickness in this multilayer design 
depends on the number of layers. The antenna is fed through the aperture in the ground 
plane, which in turn is fed through a microstrip line. The microstrip feed line is excited 
through a lumped port in High Frequency Structure Simulator (HFSS
TM
). The width of 
the feed line is 0.2 mm, which corresponds to characteristics impedance of 50 Ω. The 
microstrip line lies at the bottom of the first layer. The length of the slot plays a vital role 
in determining the resonant frequency of the antenna and also helps in optimizing the 
input impedance of the antenna design. On the other hand, the slot width is critical in 
controlling the backward radiation from the antenna. The slot length and width are 
optimized to be 2.1 mm and 0.1 mm respectively. This helps in achieving the desired 
radiation pattern with minimum backward radiation. The ground plane and the slot both 
lie on the top of the third layer of the entire package. The length of the patch antenna is 
optimized to be 2.13 mm while its width is 3.2 mm. A good match with an S11 of -16 dB 
and a gain of 4.6 dB is attained at 24 GHz as can be observed from figures 3.2 and 3.3 
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respectively. A 3-D polar plot of radiation from the antenna is shown in figure 3.4. The 
return loss of the patch antenna demonstrates a bandwidth of 460 MHz which is 1.9% of 
centre frequency. Furthermore, the design demonstrates a beam width of 85 and 126 in 
H plane and E plane respectively. The patch antenna lies at the top of the eighth and the 
final layer of the module. The complete design is realized on eight layers of CT707 
substrate.  
 
Figure 3.1: Single Element Patch Antenna Design 
3.2.3  Array Design 
Array designs are employed in order to increase the gain achieved from a single antenna 
element. More the number of antenna elements in the array, higher is the overall gain. 
However, tradeoffs are the added complexity of the feed network, which enhances the 
substrate losses and the larger size of the module because of the additional antenna 
elements. In this work, the array comprises of only four aperture coupled patch antennas 
fed by a single microstrip line that splits into four lines, with the help of a T junction, 
each one feeding one of the patch elements as shown in figure 3.5. 
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Figure 4.2: Simulated Return Loss of Single Element Patch Antenna 
 
 
Figure 3.3: Simulated Radiation Pattern of Single 
Element Patch Antenna 
 
 
 
 
 
Figure 3.4: Simulated 3-D Polar Plot of Radiation from 
Patch Antenna 
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Figure 3.5: Patch Antenna Array Design 
 
Array is design on the same number of layers as the single element patch design. The 
width of the main feed line is 0.2 mm while the widths of the four divided microstrip 
lines are 0.05 mm each and correspond to an impedance of 200 Ω. The four 200 Ω lines 
connected in parallel match perfectly to the 50 Ω main feed line. The antenna elements in 
the array have identical dimensions as the single element design. In addition to this the 
position and dimensions of the slots are also similar to the single element design. The 
separation of 6.25 mm between the two patch elements corresponds to half free space 
wavelength (0.5o). The complete patch antenna array design is simulated in HFSS
TM
. 
The return loss of the single element and the complete array design are shown in figure 
3.6. A good impedance match at 24 GHz is observed in both the cases and it can be 
observed that the bandwidth of both the designs is almost equal. A 10 dB bandwidth of 
455 MHz is achieved for the patch antenna array. The gain of the array is 8.7 dB as 
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compared to 4.6 dB of the single element. In addition to this the array has a beam width 
of 40 and 135 in the H plane and E plane respectively. The radiation pattern of the 
array, as shown in figures 3.7 and 3.8, has slightly narrowed from the bore-sight as 
compared to the single element, which is expected due to the increased gain. Moreover, 
the coupling between the four patch elements has resulted in enhanced back lobe levels. 
However, these can be reduced, if required, by further optimizing the aperture 
dimensions. Similarly, due to the thick LTCC substrate the gain of the four-patch LTCC 
array is slightly lower as the power is lost in surface waves.  Higher gain can be achieved 
by replacing the thick substrate with thin LTCC layers having lower dielectric constant 
(close to air) as the antenna substrate.  
 
 
Figure 3.6: Comparison between Return Losses of Single Element and Patch Antenna Array 
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Figure 3.7: Simulated Radiation Pattern of Patch 
Antenna Array 
 
 
 
 
Figure 3.8: Simulated 3-D Polar Plot of Radiation 
Pattern from Patch Antenna Array 
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CHAPTER 4 – FRACTAL ANTENNA 
DESIGN 
 
 
The term „fractal‟ was introduced by „Madelbrot‟ to classify a new geometry of shapes 
which can be defined as complex structures that have self similarity [19]. The fractals are 
composed of numerous small units of non integer dimensions which stack up together to 
create a geometrical structure which has the similar shape as that of the unit structure. 
This unique property of fractals has been exploited to develop antennas that are compact 
in size and possess multiple resonances [20], [21], [22]. The fractals can have multiple 
resonances; hence provide greater bandwidths as compared to the conventional antennas 
[30]. In addition to their larger bandwidths, fractal antennas are compact in size relative 
to the conventional antennas because of their space filling properties. The self affine and 
space filling properties of fractals increase the effective electrical length of the antenna 
which in turn causes a reduction in their size, hence making them compact. The large 
bandwidth and reduced size of the fractal antennas are focus of this work. Fractals are 
found in different shapes and structures, among these three are discussed below: 
 
i. Sierpinski Carpet Fractal Design 
ii. Sierpinski Gasket Fractal Design 
iii. Koch Snowflake Fractal Design 
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4.1 Fractal Structures 
4.1.1  Sierpinski Carpet Fractal Antenna 
Sierpinski fractal structures are designed by carrying out multiple iterations on a basic 
geometrical shape such as triangle, rectangle, circle or square [19]. The construction of a 
Sierpinski Carpet fractal antenna is carried out by successive iterations applied on a 
simple square patch 4.1(a) which can be termed as zeroth order iteration [19]. A square of 
dimension equal to one third of the main patch is subtracted from the centre of the patch 
giving rise to first order iteration as shown in Figure 4.1(b). The next step is etching of 
squares which are nine times and twenty seven times smaller than the main patch as 
demonstrated in Figures 4.1(c) and 4.1(d) respectively. The second and third order 
iterations are carried out eight times and sixty four times respectively on the main patch. 
This fractal can be termed as third order fractal as it is designed by carrying out three 
iterations. The pattern can be defined in such a way that each consequent etched square is 
one-third in dimension as compared to the previous one sharing the same centre point. 
This procedure of design carried out on a square shaped patch can be implemented on 
any of the four geometries named above. 
 
4.1.2  Sierpinski Gasket Fractal Antenna 
Sierpinski Gasket fractal has its resemblance with the triangular shaped patch [19]. In its 
designing, first step is to construct a solid equilateral triangle which can be termed as 
zeroth order iteration as shown in Figure 4.2(a). 
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Figure 4.1: Sierpinski Carpet Fractal Antenna  
(a) First Order Iteration, (b) Second Order Iteration, 
(c) Third Order Iteration, (d) Fourth Order Iteration 
 
First order iteration is implemented by etching a triangle from the centre of main design 
whose dimension is one-third of the dimension of main triangular patch and its vertices 
lie on the mid points of the three sides of the main triangle as can be observed in figure 
4.2(b). The next two iterations involve removal of triangular shapes which are nine times 
and twenty seven times smaller than the main patch just as in the case of carpet design. 
The implementation of second and third order iterations are shown in figure 4.2(c) and 
4.2(d) respectively. The fractal shown in figure 4.2(d) is also as a third order fractal like 
the Sierpinski Carpet fractal design shown in figure 4.1.  
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Figure 4.2: Sierpinski Gasket Fractal Antenna  
(a) First Order Iteration, (b) Second Order Iteration, 
(c) Third Order Iteration, (d) Fourth Order Iteration 
 
 
4.1.3  Koch Snowflake Fractal Antenna 
Koch Snowflake is the type of fractal design that uses space overlapping properties of 
multiple structures of similar shape [19]. It is usually designed with the help of a simple 
triangular structure. The structures starts with an equilateral triangle which can be 
regarded as the zeroth order iteration just as in the case of Sierpinski Gasket design. 
However unlike Sierpinski Gasket which is designed by removing smaller and smaller 
triangles Koch Snowflake is designed by adding smaller triangles to the main triangle. 
After designing the main triangle another triangle of same size is placed on it but in 
inverted position to give the design a star like shape as shown in figure 4.3(b) and can be 
termed as first order iteration. The star like shape has six small triangles in it. The same 
procedure will be repeated on all these triangles i.e. six inverted triangles will be placed 
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on these six triangles. This can be regarded as second order iteration. For third order 
iteration same procedure of placing the inverted triangles is carried out on the second 
order iteration. The last two iterations are shown in figure 4.3(c) and 4.3(d) respectively.   
 
Figure 4.3: Koch Snowflake Fractal Antenna  
(a) First Order Iteration, (b) Second Order Iteration, 
(c) Third Order Iteration, (d) Fourth Order Iteration 
 
 
4.2 Characteristics of Fractal Geometry 
The term fractal means “broken” or “fractured” or “fractus” [19].  Fractals have been 
designed and employed in different branches of science such as weather prediction, 
image compression, integrated circuits, filter design and now antenna designs. The 
unique space filling property of fractals gives them a compact size while on the other 
hand their self affinity results in multi resonances. These are the two reasons due to 
which fractals are now being used for antenna design purpose. The most important 
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characteristic of the fractal is their dimension which is different from the ordinary 
geometries and hence gives them unique properties such as fractional dimensions, 
wideband characteristics and compact size. The general properties of fractal structures are 
explained below: 
 
4.2.1  Dimension of Fractal Geometry 
The term “Dimension” of a fractured structure or design has a different meaning than the 
ordinary mathematical dimension. The common definition of dimension that we know is 
the one in which a point has „0‟ dimension, a line has the dimension „1‟, a square has the 
dimension „2‟ and a cube has the dimension „3‟. However the definition of dimension for 
a fractal is different from the conventional meaning of dimension. The dimension D for a 
fractal can be given by the following equation (4-1) [24]: 
 
 D = 
    
    
  (4-1) 
Where „N‟ defines the number of non overlapping copies and   is the scaling factor of 
these copies. To further clarify the concept of dimension for a fractal we consider the 
design of figure 4.1which is a Sierpinski Carpet fractal antenna. Consider the second and 
third iteration of this structure shown in figure 4.1(b) and 4.1(c) respectively. It can be 
observed from figure 4.1 that 4.1(c) has eight distinct non-overlapping copies of 4.1(b) 
which means „N‟ is 8 for this example. In addition to this the distinct copies in 4.1(c) are 
three times smaller than 4.1(b) which means „ ‟is three. Substituting these values in 
above equation gives a value of 1.89 which is the dimension of a second order Sierpinski 
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Carpet fractal antenna shown in figure 4.1(c). The same procedure can be followed for 
figure 4.1(d) to calculate the dimension of third order design. 
 
4.2.2  Multi-Resonant Characteristic of Fractal Antenna 
The fractal antennas exhibit multi-resonant characteristics. The design, along with the 
centre frequency, also resonates at higher frequencies which are the multiples of the 
centre frequency. This characteristic of fractal antenna is due to their self symmetric 
structures. Consider the example of Sierpinski Carpet fractal antenna design to 
understand this property. It can be observed from figure 4.4 that the second and third 
order iterations carried out on fractal antenna creates structures which are identical to the 
main fractal patch antenna but are 3 times and 9 times smaller than the main fractal patch 
which is referred to as first order iteration. These higher order iterations will introduce 
resonances at frequencies which are 3 times and 9 times greater than the resonant 
frequency of zeroth iteration. Therefore it can be said that the number of iterations will 
determine the number of higher order resonances that a fractal antenna will exhibit. Due 
to this a single fractal antenna design can operate in two different bands of frequency. 
This unique property of fractal antenna is highly suitable for dual band and multiband 
applications [23].     
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Figure 4.4: Third Order Sierpinski Carpet Fractal Antenna 
 
4.2.3  Wideband Characteristics of Fractal Antenna 
As explained above that fractals have multiple resonances due to their self affine 
structures. If these resonances are brought closer to each other than the resulting return 
loss will be quite flat for a wide frequency range exhibiting a good input match for the 
whole range of operation. These resonances can be controlled by a number of parameters. 
To explain this we consider the example of Sierpinski Carpet design shown in figure 4.5. 
The most important parameter for the carpet design is the number of iterations. As we 
increase the number of iterations the multiple resonances that occur will crowd very close 
to each other and hence will result in higher bandwidths as compared to the conventional 
antenna designs. If for lesser number of iterations we want to increase the bandwidth then 
the method is slightly different from the technique explained above. Figure 4.5 shows a 
design of Sierpinski Carpet fractal antenna which has passed through four iterations and 
can be regarded as third order fractal design. If we decrease the gap between the smallest 
squares (3
rd
 order iteration, highlighted in figure 4.5), rather than the conventional gap 
then it has been observed that the bandwidth increases.  The decrease in the distance 
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between the third order iteration will cause it to behave as a slot at the top and same is 
replicated at the bottom. These two slots are shown in figure 4.6 [31]. The length of these 
slots is smaller than the original dimension of the fractal. This means that that these slots 
will resonate at a frequency slightly higher than the patch itself [31]. Therefore these slots 
will introduce a resonant frequency point very close to the main resonant frequency 
causing a considerable increase in the bandwidth of the antenna [31], [32]. The same 
behavior of large bandwidth is observed in fractal if the distance between its smallest 
iterations is decreased.  
 
 
 
Figure 4.5: Sierpinski Carpet Fractal Antenna 
 
Figure 4.6: Patch Antenna with Two Slots at Top and 
Bottom [31] 
   
4.2.4  Compact Size of Fractal Antenna 
One more important characteristic of fractal antenna is its compact size as compared to 
the conventional antennas. This property of fractal antenna can be explained using the 
Sierpinski Carpet design as it is very similar to a standard patch antenna. Figure 4.5 
shows a 3
rd
 order Sierpinski Carpet design. In order to understand the concept of 
miniaturization we use the currents present on the surface of the antenna. The iterations 
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carried out on a patch in order to design a Sierpinski Carpet antenna results in etched 
squares on the conductor surface. Now if the current flows through the centre of the 
fractal along the length from one end to another then it will have to bend down and go 
across the etched square (first order iteration) at the centre of the fractal antenna. This 
bending of current will result in an increase in the path of current flow causing it to 
resonate at a frequency greater than the frequency that corresponds to its length. Thus it 
can be said that the dimensions of a fractal antenna will be less than the dimension of the 
conventional patch antenna if both of them have the same resonating frequency.  A 
comparison between the dimensions of figures 4.5 and 4.6 illustrates the compact size of 
fractal antenna as compared to conventional patch antenna. This property is also regarded 
as space filling property of fractals. 
 
4.3 Design of Fractal Antennas 
4.3.1 Sierpinski Carpet Fractal Antenna 
Sierpinski Carpet fractal antenna implemented in this design is a third order fractal. It is 
implemented on eight layers of layers of CT707 LTCC substrate as in the case of patch 
antenna.  The reason for same substrate is that an easy comparison can be made between 
the two designs. In this particular design the iterations are of dimensions 0.6 mm, 0.2 mm 
and 0.0667 mm respectively. The number of iterations can be increased but due to the 
fabrication tolerance of 50um the design was kept till third iteration. 
The simulation model of fractal antenna is shown in figure 4.7. The feed line and the slot 
have the same dimension as in the case of patch antenna due to the presence of same 
number of layers. The fractal antenna has a dimension of 1.8 mm x 1.8 mm which is 53% 
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smaller than the conventional patch at the same frequency of 24 GHz. The slot is placed 
at the centre of the antenna and has a dimension of 1.7 mm x 0.1 mm.  
The simulated bandwidth of the fractal antenna, as shown in Figure 4.8, is 1.75 GHz 
(7.5% of 24 GHz) which is 3.84 times higher than that of the conventional patch antenna 
design which is 460MHz (1.9% of 24 GHz). This high bandwidth of fractal antenna has 
been achieved by decreasing the distance between its third order iterations as explained in 
section 4.2.3. The design exhibits a gain of 5.03 dB and beam widths of 85 and 120 in 
H plane and E plane respectively. The gain and beam width of the designed fractal 
antenna are comparable to conventional patch antenna. These results show that large 
bandwidth and compact size of fractal antenna do not in any way affect the radiation 
performance. The radiation pattern of the fractal antenna and its 3 D polar plot are shown 
in figures 4.9 and 4.10 respectively. 
 
 
Figure 4.7: Sierpinski Carpet Fractal Antenna Design 
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Figure 4.8: Simulated Return Loss of Sierpinski Carpet Fractal Antenna 
 
 
 
Figure 4.9: Simulated Radiation Pattern of Sierpinski 
Carpet Fractal Antenna 
 
 
 
 
 
Figure 4.10: Simulated 3-D Polar Plot of Radiation from   
Sierpinski Carpet Fractal Antenna 
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4.3.2 Sierpinski Gasket Fractal Antenna 
Sierpinski Gasket fractal antenna has been designed on the same number of layers of 
CT707 as was done in Sierpinski Carpet design. Due to the same number of layers and 
similar properties of the substrate the dimensions of the feed line are exactly the same as 
the previous design. However the dimension of the slot is 1 mm x 0.1 mm. The length of 
the slot is smaller than in the case of Sierpinski Carpet design due to a triangular shaped 
antenna instead of a square one. The antenna is designed using the procedure explained in 
section 4.1.2. The iterations are carried out in the same manner as in the case of carpet 
antenna design. The only difference is in the dimension of the antenna which is quite 
expected due to the change in the shape of the antenna element. 
The design starts with a single equilateral triangle of dimension 2 mm meaning an area of 
1 square millimeter. Sierpinski Gasket antenna exhibits a miniaturization of 35% as 
compared to a conventional triangular patch. The first iteration, known as the first order 
iteration, starts by etching an equilateral triangle from the centre of the antenna element 
that has a dimension of 0.667 mm. The second and third order iterations results in 
removal of three and nine equilateral triangles of dimensions 0.223 mm and 0.074mm 
respectively from the main antenna element. These iterations result in the development of 
Sierpinski Gasket fractal antenna as shown in figure 4.11.    
The simulated bandwidth of the fractal antenna, as shown in Figure 4.12, is 1.8 GHz 
(7.5% of 24 GHz) which is almost equal to the bandwidth achieved in the Sierpinski 
Carpet fractal design. The design exhibits a gain of 4.9 dB and beam widths of 82 and 
124 in H plane and E plane respectively. The radiation pattern of the fractal antenna and 
its 3-D polar plot are shown in figure 4.13 and 4.14 respectively.  
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Figure 4.11: Sierpinski Gasket Fractal Antenna Design 
 
 
Figure 4.12: Simulated Return Loss of Sierpinski Gasket Fractal Antenna  
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Figure 4.13: Simulated Radiation Pattern of Sierpinski 
Gasket Fractal Antenna 
 
 
 
Figure 4.14: Simulated 3-D Polar Plot of Radiation from 
Sierpinski Gasket Fractal Antenna 
 
4.3.3 Koch Snowflake Fractal Antenna 
The same LTCC medium has been used for Koch Snowflake fractal antenna as well. The 
reason for the same number of layers for all the three designs is to have an easy 
comparison among them. This design again has the same dimension of the feed line as in 
the last two designs due to the same number of layers of the substrate where as the slot 
has a dimension of 1.7 mm x 0.1 mm which is different than the other two designs due to 
the dimensions of the antenna.     
The design starts with a single equilateral triangle of dimension 2 mm meaning an area of 
1 square millimeter. Due to non geometrical structure it is difficult to exactly calculate 
the area of Koch Snowflake but it shows similar kind of miniaturization as Sierpinski 
Gasket fractal design. The first iteration starts by overlapping an inverted triangle of the 
on the previously designed triangular patch. This results in exposure of six triangles each 
of the dimension 0.667 mm combining together to give a shape of star as shown in figure 
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1-3 (b). Second and third order iterations are carried in the same way as explained in 
section 4.1.3. The resulting antenna design is shown in figure 4.15. 
The simulated bandwidth of the fractal antenna, as shown in Figure 4.16, is 1.6 GHz 
(6.7% of 24 GHz) which is quite comparable to the previous two designs. The design 
exhibits a gain of 4.9 dB and beam widths of 85 and 120 in H plane and E plane 
respectively. The radiation pattern of the antenna design and its 3-D polar plot are shown 
in figures 4.17 and 4.18 respectively. 
 
Figure 4.15: Koch Snowflake Fractal Antenna Design 
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Figure 4.16: Simulated Return Loss of Koch Snowflake Fractal Antenna 
 
 
Figure 4.17: Simulated Radiation Pattern of Koch 
Snowflake Fractal Antenna 
 
 
Figure 4.18: Simulated 3-D Polar Plot of Radiation 
from Koch Snowflake Fractal Antenna 
 
4.3.4 Comparison Among Three Fractal Designs 
The simulated results of the three fractal designs implemented in LTCC medium shows 
that all the three fractal antennas have more or less similar characteristics of radiation 
pattern and gain. They exhibit large bandwidths which are comparable to each other but 
Koch Snowflake has a relatively lower bandwidth as compared to the other two designs. 
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In addition to this the design of Koch Snowflake is more complicated as compared to 
both the Sierpinski fractal antennas. On the basis of complexity and small bandwidth it 
can be concluded that Koch Snowflake has the minimum advantage among the three 
designs.  On comparing the two Sierpinski fractal designs it is observed that they exhibit 
large bandwidth and have quite similar radiation patterns. They both have high beam 
widths and can provide similar gains. Despite the similarity in their performance there are 
two advantages of Sierpinski Carpet design over Sierpinski Gasket design. One is the 
better miniaturization and other is easy fabrication. Miniaturization is obvious from the 
percentage reduction in size as explained in section 4.3.1 and 4.3.2. Sierpinski Carpet 
provides a convenience of fabrication as it is easy to etch rectangles than triangles. 
Therefore it can be deduced that among all the three fractals Sierpinski Carpet holds the 
advantage over the other two designs. Table 4-1 provides a summary of comparison 
among the three fractal designs. A comparison between the return losses of three fractal 
antennas is shown in figure 4.19. 
 
Table 4-1: Comparison among the Fractal Designs  
Antenna 
Gain 
(dB) 
Bandwidth 
(GHz) 
Size Reduction 
(%) 
Sierpinski Carpet 5.04 
1.75  
(7.5% of 24GHz) 
53 
Sierpinski Gasket 4.84 
1.8 
(7.5% of 24 GHz) 
35 
Koch Snowflake 4.83 
1.6 
(6.7% of 24 GHz) 
35 
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Figure 4.19: Comparison among the Return Losses of Three Fractal Antennas 
 
 
4.4 Sierpinski Carpet Fractal Antenna 
The simulation results of the three fractal antennas have deduced that Sierpinski Carpet 
fractal antenna exhibits better performance among the three antenna designs. On the basis 
of this conclusion a sensitivity analysis is carried out on Sierpinski Carpet fractal antenna 
to observe its robustness against fabrication tolerances. In addition to this a comparison 
between Sierpinski Carpet fractal antenna and conventional patch antenna is also 
provided in order to realize the importance of fractal antennas over conventional 
antennas.  
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4.4.1  Sensitivity Analysis of Sierpinski Carpet Fractal Design: 
The sensitivity analysis of Sierpinski Carpet fractal design is carried out by varying the 
size of its inner squares in order to observe the variation in the gain and bandwidth of the 
antenna. Sensitivity analysis is important to find out the effect of fabrication tolerances 
on the performance of the fractal antenna. The simulation results show that the variations 
in antenna dimensions have little influence on the gain and bandwidth of the antenna.  
The three iterations of figure 4.1(b), (c) and (d) are swept from 0.55 mm to 0.65 mm 
(actual value is 0.6 mm), 0.17 mm to 0.23 mm (actual value is 0.2 mm) and 0.055 mm to 
0.077 mm (actual value is 0.0667 mm) respectively to analyze their impact on the 
performance of the antenna. These variations in the dimensions are plotted against the 
gain and bandwidth of the antenna in Figures 4.20, 4.21 and 4.22 below. The results show 
that the alterations carried out in the dimensions of the antenna changes the gain and 
bandwidth by a maximum of 0.1dB and 50 MHz (0.2 %) respectively. The results exhibit 
that the design is quite stringent and independent of these tolerances.  
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Figure 4.20: Gain and Bandwidth vs. Dimension of First Iteration 
 
Figure 4.21: Gain and Bandwidth vs. Dimension of Second 
Iteration 
 
The dimensions of the slot, in addition to gain and bandwidth, are also critical for the 
resonant frequency and input impedance of the antenna. The length of the slot determines 
the resonant frequency and width of the slot realizes the input impedance of the antenna. 
The length and width of the slot are varied from 1.65 mm to 1.75 mm and 0.05 mm to 
0.15 mm respectively to observe their impact on the performance of the antenna. Due to 
the variations in length the centre frequency deviated by a maximum of 100 MHz which 
is of no importance when compared to the bandwidth of the antenna. 
The return loss of the antenna is observed to vary between 25 dB and 35 dB due to the 
sweep in width of the slot which shows a perfectly good match. In addition to these 
results it is also observed that the maximum fluctuation in gain is 0.1dB and that in the 
bandwidth is 50 MHz (0.2 %) due to these variations in the dimensions of the slot. All 
these results exhibit negligible divergence in the overall performance of the antenna due 
to the tolerances in the slot dimensions. The variations in gain and bandwidth of the 
antenna due to slot dimensions are shown in figures 4.23 and 4.24 respectively.
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Figure 4.22: Gain and Bandwidth vs. Dimension of Third Iteration 
 
 
Figure 4.23: Gain and Bandwidth vs. Length of the Slot 
  
Figure 4.24: Gain and Bandwidth vs. Width of the Slot
 
 
 
 
0
1
2
3
4
5
6
55 60 65 70 75
Dimension of Third Iteration (um)
Gain (dB) Bandwidth (GHz)
0
1
2
3
4
5
6
1.65 1.67 1.69 1.71 1.73 1.75
Length of the Slot (mm)
Gain (dB) Bandwidth (GHz)
0
1
2
3
4
5
6
50 70 90 110 130 150
Width of the Slot (um)
Gain (dB) Bandwidth (GHz)
P a g e  | 55 
 
 
 
4.4.2  Comparison Between Sierpinski Carpet Fractal Antenna and Patch 
Antenna: 
Sierpinski Carpet fractal antenna is designed and simulated on the same substrate as the 
conventional patch antenna in order to have an easy comparison between the two designs. 
From the two designs it is obvious that fractal antenna exhibits a 53% reduction in size as 
compared to the conventional design. Similarly the fractal carpet design has a bandwidth 
of 1.75 GHz as compared to 460 MHz bandwidth of the conventional patch for the same 
centre frequency. It can also be observed from the simulation results of these two 
antennas that they have the comparable values of gain and beam width.  A comparison 
between the return losses of two antenna design is shown in figure 4.25. The return loss 
comparison between the two designs shows that the fractal antenna has a bandwidth 
which is almost 4 times greater than the bandwidth of the conventional patch design. 
Table 4-2 summarizes the advantage of Sierpinski Carpet Fractal antenna over a 
conventional patch antenna.   
 
Figure 4.25: Comparison between Retune Losses of Sierpinski Carpet Fractal and Conventional Patch 
Antennas 
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Table 4-2: Comparison between Sierpinski Carpet Fractal Antenna and Patch Antenna 
Antenna 
Gain 
(dB) 
Bandwidth 
(GHz) 
Size 
(mm x mm) 
Beam width 
(H and E plane in degrees) 
Sierpinski 
Carpet 
5.04 1.75 1.8 x 1.8 85 and 120 
Conventional 
Patch 
4.6 0.46 2.13 x 3.2 85 and 126 
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CHAPTER 5 – FRACTAL ARRAY 
DESIGN 
 
 
5.1 Design 
The fractal array is a linear one composed of four Sierpinski Carpet fractal elements as 
shown in figure 5.1. Sierpinski Carpet fractal antenna has been selected due to its better 
performance in terms of bandwidth and size as compared to Sierpinski Gasket fractal 
antenna and Koch Snowflake fractal antenna. The antenna elements are placed on x-axis 
at a constant distance of 6 mm from each other which corresponds to 0.5o. The array is 
designed on eight layers of CT707 substrate which has a dielectric constant of 6.39. The 
height of each layer is 100 um resulting in a total substrate thickness of 800 um. The 
number of layers has been increased to eight in order to have practical width of feed 
lines. The substrate dimensions and its electrical parameters are similar to the patch 
antenna array in order to have a good comparison between the two designs. Feed Line of 
50  has a width of 0.2 mm which is divided into four segments each of width 0.05 mm. 
The four segments thus achieved have an impedance of 200 . The feed network is 
designed at the bottom of the first layer. The four slots placed under each element have 
dimensions of 0.1 mm x 1.8 mm. The slots are optimized to have an input impedance of 
50  and are placed at the top of the third layer. Finally the antenna elements are placed 
at the top of eighth layer which is the upper most layer.   
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Figure 5.1: Sierpinski Carpet Fractal Array Design 
 
5.2 Simulation Results 
The simulated bandwidth of the designed fractal antenna array is 1.8 GHz which is 7.5 % 
of the centre frequency (24GHz) as shown in figure 5.2. The return loss of the antenna 
has been optimized by changing the dimensions of the slot and the distance between the 
antenna elements in order to attain the maximum bandwidth. A simulated gain of 8.9 dB 
has been achieved from the designed antenna array. The gain of the fractal array is almost 
4 dB greater than that of the single element design and is quite comparable to the gain 
achieved from the designed patch antenna array. The beam widths of the radiation pattern 
are simulated to be 35 and 140 in H plane and E plane respectively. The radiation 
pattern of the designed antenna array is shown in figure 5.3. The simulated results show 
that the fractal array has the same gain as the patch antenna array but it exhibits a 
bandwidth which is 3.95 times greater than the bandwidth of the conventional array. 
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Figure 5.2: Simulated Return Loss of Fractal Antenna Array 
 
 
Figure 5.3: Simulated Radiation Pattern of Fractal Antenna Array 
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5.3 Measurement Results 
An SMA connector has been mounted on the antenna array for the measurement purpose. 
In order to have the connection of ground to the SMA two ground pads are provided 
parallel to the feed line. These pads are then connected to the ground plane through vias 
as the ground plane is buried in the substrate and is not visible. Due to placement of these 
pads near the microstrip line now the starting of feed acts as coplanar waveguide (CPW) 
instead of microstrip. In order to have a smooth transition from CPW to microstrip a 
simulation has been carried out to check the transmission and return loss.  The results 
show that the feed with this transition is suitable for wide range of frequency (from 18 
GHz to 28 GHz) with a return loss greater than 25 dB and transmission loss less than 0.5 
dB.  
The measured results of the fractal array exhibit a shift in the centre frequency. The shift 
is 1.4 GHz from the centre frequency of 24 GHz. Despite the frequency shift the 
bandwidth achieved is 1.6 GHz which is comparable to the simulated bandwidth. A 
comparison between the simulated and measured return loss of the array design is shown 
in figure 5.4. The top view and bottom view of the fabricated antenna array are shown in 
figures 5.5 and 5.6 respectively. The slots are not visible in these figures as they are 
embedded inside the substrate. The measured radiation pattern, shown in figure 5.7, 
exhibits very similar characteristics as the simulated radiation pattern in spite of the shift 
in frequency. The gain of the fractal array is measured to be 9 dB with beam widths of 
37 and 132 in the H plane and E plane respectively.  The anechoic chamber has the 
ability to measure radiation pattern from -90 to +90 azimuth. As a result of this the 
front-to-back ratio of the gain was not measured but it can be observed from figure 5.7 
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that the two radiation patterns are quite comparable and it can be said that the front-to-
back ratio achieved in simulation is rather accurate.        
 
 
Figure 5.4: Simulated and Measured Return Loss of Fractal Antenna Array 
 
 
Figure 5.5: Top View of Fabricated Fractal Array Module 
 
Figure 5.6: Bottom View of Fabricated Fractal Array Module 
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Figure 5.7: Simulated and Measured Radiation Pattern of Fractal Antenna Array 
 
5.4 Post Measurement Simulation Results: 
The measured return loss of the antenna array design exhibits a frequency shift of 1.4 
GHz. On investigation it was observed that there are several reasons that have caused this 
shift in the centre frequency. The fabrication process has introduced some variations in 
the design parameters of the antenna array. These variations are listed below: 
i. Dimension of the antenna elements. 
ii. Dimension of the slots 
iii. Placement of the slots 
iv. Electrical permittivity of the substrate 
 
The fabricated fractal antenna has a dimension of 1.86 mm x 1.817 mm as compared with 
the simulated dimensions of 1.8 mm x 1.8 mm. This increase in length of the antenna 
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elements will cause it to resonate at a frequency lower than 24 GHz whereas the change 
in width has resulted in a poor input matching of the antenna array.  Similarly the slot has 
a dimension of 1.75 mm x 0.1 mm which is slightly different from the simulated 
dimension of 1.8 mm x 0.1 mm. The increase in the length of the slot is also a factor 
which will cause a shift in the centre frequency. Furthermore, the placement of slots is 
not exactly at the centre of the element. However, in the simulations the slots were placed 
at the centre of each element. The data sheet of CT707 substrate shows that the dielectric 
constant of the substrate can vary by a magnitude of 0.5. A series of simulations were 
carried out in order to study the effects of these variations on performance of the antenna 
array. It is concluded that the two dominant tolerances are „dimensions of the antenna‟ 
and the „dielectric constant of the substrate‟. Finally all these variations are included in 
the simulation model and it is observed that the new simulation results are very close to 
the measured results. The simulation results show that there is a frequency shift of 1.2 
GHz which is comparable to the measured value of 1.4 GHz. The bandwidth achieved in 
new simulation model is 1.5 GHz which has a deviation of only 0.1 GHz from the 
measured results.      
Some variations are also observed in the dimension of the third iteration of the antenna 
design. The fabricated antenna elements have third order iterations which are 50 um in 
length as compared to the actual value of 66.7 um. However it has been concluded in 
section 4.4.1 that these variations have no effect on the antenna performance. A 
comparison between the simulated, measured and post measurement simulation return 
loss is shown in figure 5.8. The measured beam width of the radiation pattern is found to 
be 32 and 137 showing a good match with the simulated beam width of 35 and 140 in 
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the H plane and E plane respectively. The simulated, measured and post measured 
simulated radiation patterns of the fractal array are shown in figures 5.9 and 5.10 for 
phi=0 and phi=90 respectively. 
 
 
Figure 5.8: Simulated, Measured and Post Measurement Simulation Return Loss of Fractal Antenna Array 
 
Figure 5.9: Simulated, Measured and Post Measurement Simulation Radiation Pattern of Fractal Antenna 
Array (Phi=0) 
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Figure 5.10: Simulated, Measured and Post Measurement Simulation Radiation Pattern of Fractal Antenna 
Array (Phi=90) 
 
5.5 Comparison Between Conventional Patch Antenna 
and Sierpinski Carpet Fractal Antenna Arrays 
Sierpinski Carpet fractal antenna array is designed and simulated on the same substrate as 
the conventional patch antenna array in order to have an easy comparison between the 
two designs.  The two antenna arrays are designed on eight layers of CT707 substrate. 
The array elements have same dimensions as the single element design (1.8 mm x 1.8 
mm) as explained in section 4.3.1. The bandwidth of the fractal array has the same edge 
over the patch antenna array as was observed in the single element case. Fractal array 
exhibits a bandwidth of 1.8 GHz (7.5% of centre frequency) where as the conventional 
patch array has a bandwidth of 450 MHz (1.9 % of centre frequency). A comparison 
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between the return losses of two antenna arrays is shown in figure 5.11. The gain of the 
fractal antenna array is quite comparable to patch antenna array. Similarly, both the 
designs have analogous beam widths. A comparison between the performances of the two 
array designs is shown in table 5-1. 
 
 
Figure 5.11: Comparison between Return Losses of Fractal Antenna Array and Patch Antenna Array 
 
Table 5-1: Comparison between Sierpinski Carpet Fractal Antenna and Patch Antenna Arrays 
Antenna 
Array 
Gain 
(dB) 
Bandwidth 
(GHz) 
Size of Single 
Element 
(mm x mm) 
Beam width 
(H and E plane in degrees) 
Sierpinski 
Carpet 
8.9 1.8 1.8 x 1.8 37 and 132 
Conventional 
Patch 
8.7 0.455 2.13 x 3.2 40 and 135 
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CHAPTER 6 – CONCLUSION AND 
FUTURE WORK 
 
6.1  Conclusion 
The thesis presents the design of different fractal antennas based on LTCC based 
substrate and discusses their overall performance of gain and bandwidth. All the three 
fractal structures presented recommend that the fractal antennas have high bandwidth and 
therefore are extremely suitable for high data rate applications such as Satellite 
Communication and Automotive Radars. In addition to this these fractal structures also 
indicate that the antennas designed using anyone of them will have a considerable 
reduction in size as compared to the conventional antennas.  
A comparison between the designs of a conventional aperture coupled patch antenna with 
an aperture coupled Sierpinski Gasket fractal antenna has been demonstrated. Both 
designs have been simulated on Low Temperature Co-fired Ceramic (LTCC) substrate 
CT707. The results show that the fractal antenna is 53 % compact in size and has a 500% 
greater bandwidth than the conventional patch antenna with almost the same performance 
of radiation pattern. The sensitivity analysis of the Sierpinski Carpet fractal antenna 
indicates that slight modifications in the dimensions of the antenna have negligible effect 
on the gain and bandwidth of the antenna hence making the antenna independent of 
fabrication tolerances. A comparison between the patch antenna array and Sierpinski 
Carpet fractal antenna array has also been provided in the thesis. The fractal array has the 
same advantages over the conventional patch array as the single element designs. The 
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fabrication of the fractal array has been carried out by VTT electronics in Finland and the 
measured results are very similar to the simulated ones. The simulated and measured 
radiation patterns of the antenna array represent a pretty good match. A shift in the centre 
frequency of the array design has been observed in the measured results. This shift has 
been investigated and is a consequence of fabrication tolerances and variations in the 
permittivity of the substrate. A post measurement simulation has been carried out on the 
designed antenna array by modeling all the discrepancies in the designed module. A 
successful overlap in the measured and post measurement simulations has been achieved 
which depicts that if these tolerances are removed from the antenna array then the results 
of return loss as obtained in first simulations can be achieved.  
 
6.2  Future Work 
A natural extension of this work is to design different fractal structures in the same LTCC 
medium used for this antenna design. This will help to study the kind of advantages that 
fractal antennas have over the conventional antennas. Furthermore, the iterations of 
Sierpinski Carpet Fractal antenna, designed in this thesis, can be increased from three to 
study the effects of iterations on fractal antennas. In addition this designed fractal antenna 
can be integrated with different lens antennas to study their performance as is done in this 
work for Fresnel lens. Finally silicon can also be used as a medium for the design of these 
fractal antennas to have them integrated with the MMIC based circuits. 
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